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The primer binding site (PBS) is involved in two stages during the reverse transcription of the retroviral RNA genome. In
the early stage, the PBS provides complementary sequences through which tRNALys,3 binds the viral RNA genome to initiate
minus-strand DNA synthesis; in the later stages, complementarity between the plus- and minus-strand copies of the PBS
is required to facilitate the second template transfer needed to complete reverse transcription. We previously constructed
a mutant HIV-1 proviral genome, designated as pHXB2PBS(pheC / 5) (now referred to as pheC / 5), which was used to
identify regions of the PBS involved in the initiation and second template transfer steps of reverse transcription. To further
define the sequence requirements of the PBS for the initiation of reverse transcription, we have made single nucleotide
substitutions within the first six nucleotides of the pheC / 5 PBS. Our results demonstrate that mutations within the first
five nucleotides of the PBS which disrupt base paring with tRNALys,3-PBS results in an noninfectious virus; a G-U base pair
at position six of the tRNALys,3-PBS complex was tolerated. In contrast to the requirements for initiation, we found that
complementary binding between only three base pairs of the plus- and minus-strand PBSs was required for the extension
of plus-strand DNA during the second template transfer. Furthermore, regions of the minus-strand DNA of up to 24
nucleotides could be looped-out to facilitate the complementarity required for the completion of plus-strand DNA synthesis.
Taken together, the results of our studies demonstrate that different features of the PBS with respect to RNA:RNA and
DNA:DNA interactions are required for initiation of reverse transcription and the completion of plus-strand DNA synthesis,
respectively. q 1996 Academic Press, Inc.
A distinguishing feature of all retroviruses is the ability addition to providing the complementary sequences to
which the primer tRNA binds to initiate minus-strand syn-to replicate its RNA genome through a DNA intermediate.
The process of copying the single-stranded viral RNA into thesis, the PBS also plays a critical role during plus-
strand viral DNA synthesis. Following initiation of plus-a double-stranded DNA form (proviral genome), called
reverse transcription, is carried out by the virally encoded strand synthesis, the RT copies the 5* end of the minus-
strand viral DNA including the first 18 nucleotides of thereverse transcriptase (RT), which is a multifunctional en-
zyme possessing RNA- and DNA-dependent DNA poly- primer tRNA that is covalently attached at the 5*-end
(Gilboa et al., 1979; Taylor and Hsu, 1980; Temin, 1981;merase as well as RNase H activities (Baltimore, 1970;
Temin and Mizutani, 1970). The proposed model of re- Varmus, 1982; Coffin, 1990; Skalka and Goff, 1993). Copy-
ing of the 3*-terminal 18 nucleotides of the primer tRNAverse transcription predicts a complex process, requiring
two different RNA molecules to prime minus- and plus- generates a plus-strand copy of the PBS sequence, thus
providing a complementary sequence for binding withstrand viral DNA synthesis, as well as two template trans-
fers, or ‘‘jumps’’, to synthesize a full-length plus- and mi- the minus-strand copy of the PBS, located at the 3* end
of the minus-strand, to facilitate the second templatenus-strand copy of the RNA genome that generates the
long terminal repeat sequences present at both ends of transfer. This second template transfer event is required
for the completion of the double-stranded proviral ge-the proviral genome (Gilboa et al., 1979; Temin, 1981;
Varmus, 1982; Coffin, 1990; Skalka and Goff, 1993). nome suitable for integration into the host cell genome.
Although the general aspects of reverse transcriptionThe initiation of reverse transcription (minus-strand vi-
ral DNA synthesis) begins with the extension of a cellular are known, many of the details regarding the sequence
requirements of the PBS for both the initiation of minus-tRNA molecule bound to a specific sequence within the
viral RNA genome, referred to as the primer binding site strand DNA synthesis and the second template transfer,
need to be elucidated. The human immunodeficiency vi-(PBS). The PBS is an 18-nucleotide sequence located
near the 5* end of the viral RNA which is complementary rus type 1 (HIV-1) PBS consists of 18 nucleotides comple-
mentary to the 3*-terminal 18 nucleotides of tRNALys,3,to the 3*-terminal 18 nucleotides of the primer tRNA. In
which it uses to initiate reverse transcription (Fig. 1A).
Some of the details of the interaction between the HIV-1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (205) 934-1580. 1 PBS and tRNALys,3 have previously been addressed
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FIG. 1. Predicted base pairings of the wild-type and mutant PBSs during the reverse transcription of the HIV-1 viral RNA genome. Thin lines and
lowercase letters indicate regions of the viral RNA genome, whereas thick lines and uppercase letters indicate DNA; r, the terminal repeat sequences
found at both ends of the viral RNA; pbs, the 18-nucleotide sequence complementary to the 3*-terminal 18 nucleotides of the primer tRNA; u5 and
u3, the unique sequences found at the 5* and 3* end of the RNA genome, respectively. The steps during reverse transcription involving the PBS
are shown at the top of the figure along with a depiction of the resulting proviral genome. The base pairing of the PBS during each of these steps
is boxed. The predicted base pairing of the PBSs at each of these steps during the reverse transcription of (A) wild-type, (B) phe, (C) pheC, and
(D) pheC / 5 are depicted. The significance of the predicted base-pairings for each construct are explained in the text. The ‘‘?’’ refers to the
inefficient extension of plus-strand DNA synthesis and a sporadic completion of the full-length proviral genome.
experimentally using in vitro systems (Kohlstaedt and nucleotide of the PBS to a cytosine nucleotide, making
the first six nucleotides of the phe PBS (5*-UGGCGC)Steitz, 1992; Isel et al., 1993, 1995). Our laboratory has
approached this question through the construction of de- complementary to the 3*-terminal six nucleotides of
tRNALys,3 (i.e., 3* terminal nucleotides of tRNALys,3 are 3*-fined mutations in the PBS of an infectious clone of HIV-
1 and determining the effects on virus replication. By accgcg), we could recover an infectious virus (Fig. 1C,
referred to as pheC). However, the appearance of infec-constructing HIV-1 proviral clones containing deletions
within the PBS, we established that only the first six tious virus following transfection of this proviral DNA was
sporadic. We speculated that the low recovery of infec-nucleotides of the PBS (UGGCGC) were sufficient for the
initiation of reverse transcription (Rhim et al., 1991). In a tious virus might be due to the fact that the completion
of reverse transcription was inefficient at the secondlater study, we demonstrated that a provirus with a PBS
complementary to the 3*-terminal 18 nucleotides of a jump. To address this possibility, an additional construct,
referred to as pheC / 5 (Fig. 1D), was made in whichyeast tRNAPhe (Fig. 1B, referred to as phe) was noninfec-
tious (Wakefield et al., 1994). Thus, a PBS complementary five nucleotides identical to the last five nucleotides of
the wild-type PBS (GGGAC, which in the minus strandto the yeast tRNAPhe probably did not provide the mini-
mum complementary sequences to allow tRNALys,3 to DNA would be read as ccctg) were inserted at a position
six nucleotides downstream of the pheC PBS. Transfec-prime minus-strand viral DNA synthesis. In support of
this idea, we demonstrated that by changing the fourth tion of HIV-1 proviruses with the PBS containing the pheC
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/ 5 mutations consistently resulted in the production
of infectious virus. Analysis of the PBS from integrated
proviruses revealed that tRNALys,3 was used for reverse
transcription. The deletion in the proviral sequences of
six nucleotides downstream of the regenerated wild-type
PBS demonstrated that the five nucleotides were used
to facilitate the second template transfer event with the
intervening noncomplementary nucleotides within the
minus-strand being ‘‘looped out’’ (Wakefield et al., 1994).
These results showed that the first six nucleotides of the
HIV-1 PBS were important for the initiation of minus-
strand DNA synthesis, whereas the last five nucleotides
were necessary for an efficient template transfer during
plus-strand DNA synthesis.
Studies to determine the minimal sequence of the
PBS required for initiation of reverse transcription are
complicated by the fact that the PBS is also involved
in facilitating the completion of plus-strand DNA syn-
thesis. Thus, reverse transcription of viruses with mu-
tations in the PBS might be blocked at either the initia-
tion of minus-strand DNA synthesis or the extension
of plus-strand DNA. To circumvent this problem, we
have positioned 5 nucleotides downstream of the PBS
FIG. 2. The 5* region of the HIV-1 viral RNA genome and descriptionto facilitate plus-strand extension following the second
of the mutations within the pheC/ 5 PBS region. (A) The PBS is locatedtemplate transfer. This construct, designated as pheC
between the R, U5, and leader sequences of the 5* nontranslated/ 5, provides us with an experimental tool in which
region. The PBS is positioned between nucleotides 183 to 200 of the
to analyze the primary sequences of the HIV-1 PBS HIV-1 viral RNA genome. (B) Expanded view of the HIV-1 PBS region.
required to carry out both the initiation and second The sequence of the wild-type HIV-1 PBS, which is complementary to
the 3*-terminal 18 nucleotides of tRNALys,3, is depicted and is referredtemplate transfer events of reverse transcription. It is
to as WT. The pheC / 5 construct contains a PBS complementary toimportant to note that the separation of PBS nucleo-
the 3*-terminal 18 nucleotides of a yeast tRNAPhe except that the fourthtides for both of these functions did not abrogate the
nucleotide (nucleotide 186) is a cytosine residue. It also contains an
necessity of the first six nucleotides of the PBS to be insertion of a GGGAC sequence six nucleotides downstream of the
complementary to the 3*-terminal six nucleotides of PBS. Oligonucleotide site-directed mutagenesis was used to make a
series of single nucleotide substitutions within the first six nucleotidestRNALys,3. That is, pheC / 5-derived viruses were al-
of the pheC/ 5 PBS. The nucleotide changes are boxed. By convention,ways infectious, while transfection of the phe / 5 con-
the mutations are designated by the nucleotide position of the mutationstruct resulted in the production of viruses unable to
which is flanked on the left by the nucleotide changed and the right
replicate (Wakefield et al., 1994). by the mutant nucleotide. Asterisks (*) indicate nucleotide identity with
To further dissect the PBS sequences required to initi- the pheC / 5 PBS.
ate reverse transcription, oligonucleotide site-directed mu-
tagenesis was used to construct a series of single nucleo-
tide substitutions within the first six nucleotides of the recover infectious virus which has a deletion of six base
pairs 3* to the PBS. The synthetic DNA oligonucleotidespheC/ 5 PBS. Each of the first six nucleotides was substi-
tuted with an adenine as shown in Fig. 2B. For mutagene- are as follow (changed nucleotides are underlined:
(U183A) 5*-AGAATTCGCGCCTCTTCTA-3*; (G184A) 5*-sis, single-stranded templates of M13mp18(pheC) and
M13mp18(pheC / 5) were prepared as previously de- AGAATTCGCGCTACTTCTA-3*; (G185A) 5*-AGAATTCGC-
GTCACTTCTA-3*; (C186A) 5*-AGAATTCGCTCCACTTCTA-scribed (Wakefield et al., 1994). Both M13mp18(pheC) and
M13mp18(pheC / 5) contain HIV-1 proviral sequences 3*; (G187A) 5*-CAGAATTCGTGCCACTTCT-3*; (C188A) 5*-
ACAGAATTCTCGCCACTTC-3*. The conditions used forbetween the HpaI and PstI sites of pHXB2gpt, which en-
compasses the PBS region. The PBS of both constructs mutagenesis were as previously described (Wakefield et
al., 1994). Confirmation of the desired mutations was car-are complementary to the 3*-terminal 18 nucleotides of a
yeast tRNAPhe molecule except that the fourth nucleotide ried out by dideoxy DNA sequencing (Sanger et al., 1977)
using Sequenase (U.S. Biochemicals).of the PBS (position 186) is a cytosine residue (pheC).
M13mp18(pheC / 5) also contains the 5-nucleotide se- To determine the ability of these PBSs to support virus
replication, each mutant PBS sequence was constructedquence GGGAC inserted downstream of pheC PBS which
is needed to facilitate the second jump. Thus, if this PBS into the HIV-1 proviral genome, pHXB2gpt (Ratner et al.,
1987). Transfection of plasmid DNAs encoding the wild-could be used to initiate reverse transcription, we would
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with the pheC / 5 mutation in the PBS were replication
competent; the appearance of infectious virus was de-
layed as compared to wild type. No infectious virus was
recovered if any one of the first six nucleotides of the
PBS was substituted with an adenine residue (U183A,
G184A, G185A, C186A, G187A, or C188A) (Fig. 3). Even
after extended culture of 8 weeks, we did not recover
infectious virus (data not shown).
Since guanine and uridine (G-U) have the ability to
base pair, albeit less favorably than G-C base pairs, two
additional proviral genomes containing either a C to U
change at position 186 or a C to U change at position
188 were constructed using the following oligonucleo-
tides for mutagenesis: (C186U) 5*-AGAATTCGCACCA-
CTTCTA-3*; (C188U) 5*-ACAGAATTCACGCCACTTC-3*.
In contrast to proviruses with a C188A mutation, infec-
FIG. 3. Assay for the appearance of replicating virus derived from tious virus was recovered from transfection of proviruses
transfection of wild-type and the mutant pheC / 5 proviral genomes.
in which the sixth nucleotide was changed from a C toThe wild-type and mutant pheC / 5 proviral genomes were transfected
U (C188U). The appearance of this virus was delayedinto COS-1 cells followed by coculture in SupT1 cells. Following cocul-
ture (48 hr), the SupT1 cells were isolated by centrifugation, washed compared to that of the wild type and pheC / 5 (Fig. 3).
in PBS, and further cultured with additional SupT1 cells and fresh media Sequence analysis of the PBS from the integrated provi-
(Day 0). At subsequent points postcoculture, supernatant was removed rus revealed that as predicted, a complete PBS was re-
and analyzed for p24 antigen (ELISA). The samples are as marked in
generated with a deletion of six base pairs 3* to the PBSthe figure.
(data not shown). Thus, base pairing between G and
U at position six in the PBS is permitted, although the
efficiency of initiation is probably reduced as evidencedtype or mutant proviruses into COS-1 cells by using
DEAE-dextran was carried out as previously described by the delay in the appearance of virus as compared to
pheC / 5. Proviral genomes containing a C to U change(Wakefield et al., 1994). COS-1 cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with (C186U) were not infectious, demonstrating that G-U
base pairing is not tolerated at position four in the PBS10% fetal calf serum at 377. At 48 hr posttransfection, the
supernatant was collected and filtered through a 0.45- where a G-C base pair is found in wild type. We conclude
then that the first five nucleotides of the PBS are essentialmm-pore-size syringe filter (Nalgene). The mutations
within the PBS region did not affect viral gene expression for interaction with the tRNALys,3. Interaction of the sixth
nucleotide of the PBS with a complementary base is alsoor virion particle formation, since transfection of the mu-
tant proviral genomes resulted in the expression of ap- required, but flexibility exists and that G-U base pairing
is permitted.proximately equal levels of viral particles to that of wild-
type as measured by quantitation of p24 antigen in the Our previous results demonstrated that the HIV-1 RT
could extend plus-strand DNA synthesis even thoughCOS-1 supernatant (data not shown). To test for virus
infectivity, SupT1 cells, which express CD4 and support there were a limited number of nucleotides present
within the minus-strand DNA which could complemen-replication of HIV-1, were cocultured with COS-1 cells
transfected with the various proviral constructs for 3 tary bind with the plus-strand PBS (Rhim et al., 1991;
Wakefield et al., 1994). We demonstrated that insertingdays. SupT1 cells were grown in RPMI medium supple-
mented with 10% fetal calf serum. Following cocultiva- a GGGAC sequence downstream of the pheC PBS was
required for the consistent recovery of infectious viruses.tion, the SupT1 cells were harvested by low-speed cen-
trifugation (1000g) and further cultured with fresh media Since complementarity between the first six nucleotides
of the PBS was required for the initiation of reverse tran-and additional SupT1 cells. SupT1 cultures were moni-
tored visually for the formation of multicell syncytia and, scription from a tRNALys,3 primer, we wanted to determine
if a minimum number of nucleotides were necessary atat various intervals, refed with fresh SupT1 cells. At the
designated time intervals, samples of the culture super- the 3* end of the PBS to facilitate the extension of plus-
strand DNA. A series of site-directed mutants were con-natant were collected and analyzed by enzyme-linked
immunosorbent assays (ELISAs) for p24 antigen (Coulter structed in which the last four (GGAC), three (GAC), or
two (AC) nucleotides were inserted six nucleotidesLaboratories). Transfection of the wild-type proviral ge-
nome followed by coculture resulted in the rapid appear- downstream of the pheC PBS (Fig. 4A). These mutants
were constructed into the pHXB2gpt infectious clone, andance of infectious virus with high levels of p24 antigen
and giant cell, multinucleated syncytia present by Day 6 are referred to as pheC / 4, pheC / 3, and pheC / 2,
respectively. The following oligonucleotides were used in(Fig. 3). Consistent with our previous results, proviruses
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FIG. 4. Description of the mutations constructed to determine the minimal nucleotides required to facilitate the second template transfer event
and analysis of the replication of the mutant proviral genomes. (A) The five nucleotides (GGGAC), which is identical to the last five nucleotides of
the wild-type HIV-1 PBS, inserted six nucleotides downstream of the pheC / 5 PBS has been shown to facilitate the second template jump of
reverse transcription (pheC / 5). To determine if less nucleotides are required, additional constructs in which the last four (GGAC, pheC / 4), last
three (GAC, pheC / 3), and last two (AC, pheC / 2) nucleotides of the wild-type PBS were inserted six nucleotides downstream of the pheC PBS
(boxed). (B) Assay for the infectivity of the wild-type and mutant proviral genomes. Proviral genomes were transfected into COS-1 cells and cocultured
with SupT1 cells as described in the legend of Fig. 3. Culture supernatants were analyzed for p24 at the designated time points. The samples are
as marked.
the construction of these mutations (inserted nucleotides tion. Taken together, the results of these studies demon-
strate that at least three nucleotides are required for theare underlined: (pheC / 4) 5*-ATCCCCTTTCGCGTCCTT-
TCAAACATCC-3*; (pheC / 3) 5*-ATCCCCTTT- facilitation of the completion of plus-strand synthesis.
Since complementarity between only three nucleo-CGCGTCTTTCAATCCACA-3*; (pheC / 2) 5*-ATCCCC-
TTTCGCGTTTTCAATCCACA-3*. Transfection of pheC / tides were required for the completion of reverse tran-
scription, it was surprising that we did not isolate any4 and pheC / 3 consistently resulted in the appearance
of replicating virus, with only a slight delay as compared PBS sequences which had large deletions 3* to the PBS.
That is, for complementary binding to occur between theto pheC/ 5 (Fig. 4B). To determine if the inserted nucleo-
tides were utilized during the second template transfer GAC sequence present in the plus-strand PBS and the
‘‘ctg’’ sequence present on the minus strand DNA copyof reverse transcription to facilitate continued synthesis
of plus-strand DNA, the PBS regions of the integrated of the PBS, the intervening noncomplementary base pairs
need to be ‘‘looped out’’ (See Fig. 1D). It was possibleproviruses from infected SupT1 cells were analyzed as
previously described (Wakefield et al., 1994). The in- then, that during reverse transcription there was a limit
to the number of nucleotides which could be looped out.serted nucleotides were used to promote the second
template transfer, since sequence analysis of the inte- To address this question, additional mutants were con-
structed in which the five nucleotides (GGGAC) weregrated proviruses isolated from the cultures at Day 15
postcoculture revealed a deletion of the predicted six positioned 12 (del. 12) and 15 (del. 15) nucleotides down-
stream of the pheC PBS (Fig. 5A). Infectious virus wasnucleotides 3* of the regenerated wild-type PBS (Table
1). No infectious virus was recovered following transfec- recovered from transfection of proviruses which should
contain a deletion of 6 or 12 nucleotides but not 15 nucle-tion of proviruses which contained the pheC / 2 muta-
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TABLE 1
Sequence Analysis of the PBS of HIV-1 Proviruses
Provirus sample PBS sequencea Frequencyb
Input sequence (pheC / 5)c TGG CGC GAA TTC TGT GGA TTG AAA GGGAC GCG AAA GGG
(pheC)
D6d
v(pheC / 5) TGG CGC CCG AAC AGG GAC ...... GCG AAA GGG GAT CCA 6/6
(Lys, 3)
Input sequence (pheC / 4) TGG CGC GAA TTC TGT GGA TTG AAA GGAC GCG AAA GGG
(pheC)
D6
v(pheC / 4) TGG CGC CCG AAC AGG GAC ...... GCG AAA GGG GAT CCA 5/5
(Lys, 3)
Input sequence (pheC / 3) TGG CGC GAA TTC TGT GGA TTG AAA GAC GCG AAA GGG
(pheC)
D6
v(pheC / 3) TGG CGC CCG AAC AGG GAC ...... GCG AAA GGG GAT CCA 6/6
(Lys, 3)
a Sequence of the PBS regions PCR-amplified from genomic DNA isolated from infected SupT1 cells.
b Frequency of the DNA sequences of the PBS region obtained from independent M13 phage clones.
c The input sequence refers to the initial mutation in the PBS region of the corresponding proviral clones.
d Dots reflect the number and position of the nucleotides deleted.
otides (Fig. 5B). The appearance of virus derived from of the first six nucleotides of the PBS (UGGCGC) with an
adenine resulted in noninfectious virus. Only a changetransfection of proviral genomes containing a deletion of
12 nucleotides was consistently delayed compared to at nucleotide position 6 from a cytosine to uridine (C to
U), that would result in a G-U base pair with the corre-that of the wild type and the genome containing a 6 base
pair deletion (pheC / 5). The predicted 12-nucleotide sponding residue of tRNALys,3, was tolerated. A similar C
to U change at position 4, however, was not tolerated,deletion downstream of the PBS was found in the re-
sulting proviral genomes (Table 2). It was possible resulting in a noninfectious virus. The second template
transfer also requires complementarity between the mi-though, that the virus could loop out longer sequences
such as 15 nucleotides, but the resulting viruses were nus- and plus-strand copies of the PBS. Those nucleo-
tides located near the 3* end of the PBS are importantnot infectious. To test this, a mutant provirus was con-
structed which contained a deletion of the 15 nucleotides in facilitating the continued synthesis of the plus-strand
DNA. In this case, though, our results demonstrate thatimmediately downstream of the wild-type PBS (referred
to as WT-D15). To determine if the simple insertion of complementary binding of only the last three nucleotides
(GAC) of the plus-strand PBS is sufficient to facilitatethe GGGAC sequence 15 base pairs 3* to the PBS might
affect reverse transcription, another mutant (referred to plus-strand extension during the second template trans-
fer. Furthermore, the complementary nucleotides locatedas D15-insertion) was constructed. The deletion of the
15 nucleotides or the insertion of the GGGAC 15 base within the minus-strand DNA which bind with the 3*-
terminal nucleotides of the plus-strand PBS must be lo-pairs downstream from the wild-type PBS had little or no
effects on virus replication (Fig. 5C). Taken together, the cated within 15 nucleotides downstream of the minus-
strand PBS.results of these studies demonstrate that in addition to
the last 12 nucleotides of the minus-strand copy of the The interaction between tRNALys,3 and the viral RNA
genome is probably much more complex than simplypheC PBS, between 12 and 15 nucleotides 5* of the mi-
nus-strand pheC PBS can be looped out during the sec- base-pairing between the 18-nucleotide PBS and the 3*-
terminal 18 nucleotides of tRNALys,3. Recent in vitro stud-ond template switch in reverse transcription.
In this study, we have utilized a mutant HIV-1 proviral ies have demonstrated that viral RNA sequences up-
stream of the HIV-1 PBS bind with complementary se-genome, designated pheC / 5, to dissect the primary
sequences required of the HIV-1 PBS to function in both quences present within tRNALys,3; a model to visualize
these interactions has been proposed (Isel et al., 1993,the initiation of minus-strand viral DNA synthesis as well
as the second template transfer of reverse transcription. 1995). An important feature of this model predicts that
one of the upstream sequences, referred to as the A-richOur results demonstrate that complementarity between
the 3*-terminal six nucleotides of tRNALys,3 and the first loop, binds with the nucleotides present in the anticodon
loop of tRNALys,3 (Isel et al., 1995). Recent studies fromsix nucleotides of the PBS are critical for the initiation of
minus-strand synthesis by tRNALys,3. Substituting any one our laboratory have suggested that this interaction also
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FIG. 5. Number of minus-strand nucleotides that can be looped out during the second template transfer. (A) The GGGAC sequence was inserted
at positions 12 (del. 12) and 15 (del. 15) nucleotides downstream of the pheC PBS (boxed). The oligonucleotides used for mutagenesis were (inserted
nucleotides are underlined): (del. 12) 5*-CTCTGGATCCCCGTCCCTTTCGCTTTCAATCCACA-3*; (del. 15) 5*-GAGCTCTGGATCGTCCCCCCTTTCGC-
TTT-3*. (B) Infectivity of the mutant proviral genomes as measured by p24 antigen in the culture supernatants. (C) Two additional mutant proviral
genomes were constructed: WT-D15, which contains a deletion of the 15 nucleotides immediately downstream of the wild-type PBS, and D15-
insertion, which contains an insertion of the GGGAC sequence at a position 15 nucleotides downstream of the wild-type PBS. The oligonucleotides
used for site-directed mutagenesis were (WT-D15) 5*-GAGCTCTGGATCCCCGTCCCTGTTCGG-3* and (D15-insertion) same as del. 15. The appear-
ance of infectious virus as measured by p24 antigen is depicted. The samples are as marked in the figure.
occurs in vivo and may play a role in the selection of the tary binding of tRNALys,3 to the first six nucleotides of the
PBS (including the G-U base pair at position 6) is neededprimer tRNA molecule (Wakefield et al., 1996).
The complex interaction between the HIV-1 RNA ge- to maintain the necessary RNA secondary conformation
required for the initiation of reverse transcription. Withoutnome and the tRNALys,3 primer may explain why at mini-
mum, complementarity between each of the first five nu- at least the six base pair complementarity, the complex
interactions between tRNALys,3 and the viral RNA cannotcleotides of the PBS and the 3*-terminal five nucleotides
of tRNALys,3 were necessary for the initiation of reverse form and thus initiation of reverse transcription is inhib-
ited. If this were true, we would predict that the initiationtranscription. Even a subtle change that would allow G-
U base pairing at position 4 was not tolerated, whereas of reverse transcription would occur even with some mis-
match in the first six nucleotides if additional comple-a G-U base pairing at position 6 resulted in the produc-
tion of an infectious virus. It is possible that complemen- mentarity between the PBS and tRNA was maintained.
TABLE 2
Sequence Analysis of the PBS of HIV-1 Proviruses
Provirus sample PBS sequencea Frequencyb
Input sequence (del. 12)c TGG CGC GAA TTC TGT GGA TTG AAA GCG AAA GGGAC GGG
D12d
v(del. 12) TGG CGC CCG AAC AGG GAC ............ GGG GAT CCA 10/10
(Lys, 3)
a Sequence of the PBS regions PCR-amplified from genomic DNA isolated from infected SupT1 cells.
b Frequency of the DNA sequences of the PBS region obtained from independent M13 phage clones.
c The input sequence refers to the initial mutation in the PBS region of the corresponding proviral clones.
d Dots reflect the number and position of the nucleotides deleted.
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In support of this idea, we have found that when comple- amount of complementarity between the tRNA and the
PBS may be required to prevent the reformation of thesementarity between tRNALys,3 and the PBS is extended to
position 7 of the PBS, a nucleotide mismatch is tolerated secondary structures. The interaction between the plus-
and minus-strand DNA copies of the PBS may not be asat position four (data not shown).
The complementarity with the first six nucleotides of complex as the interaction of tRNALys,3 with the PBS lo-
cated within the viral RNA. Since sequences located up-the HIV-1 PBS probably does not dictate the selectivity
of the primer tRNA to be used in reverse transcription. If stream of the plus-strand PBS are complementary bound
to sequences at the 5* end of the minus-strand DNA,this were the case, it would mean that only three nucleo-
tides (nucleotide positions 4 to 6 of the PBS) are the these plus-strand sequences might not form a complex
secondary structure with either the plus-strand PBS ordeciding factor, since the last three nucleotides of all
tRNAs are the same (CCA-3*). It was possible that the the 3* end of the minus-strand DNA. The additional base-
pairing between the plus- and minus-strand DNAs re-5-nucleotide insert downstream of the PBS facilitated the
initiation of minus-strand DNA synthesis in addition to the sulting from the continued synthesis of minus-strand
DNA, therefore, may decrease the amount of comple-second template transfer. The ability to recover infectious
virus from our pheC / 5 construct but not the phe / 5 mentarity required by the RT to continue plus-strand DNA
synthesis.construct suggests that the five nucleotides were not
facilitating the initiation of reverse transcription, and reit- A minimum amount of complementarity between the
minus-strand PBS and the 3*-terminal nucleotides of theerates the importance of the first six nucleotides of the
PBS in this process. Finally, it is possible then that a plus-strand PBS was also required for the second tem-
plate transfer. In a previous study, we found that provi-combination of the interactions between the PBS, tRNA,
as well as the viral sequences 5* to the PBS is a major ruses which had the first six nucleotides of the PBS com-
plementary to tRNALys,3, and no nucleotides correspond-determinant for the selection of which tRNA will be used
to initiate HIV-1 reverse transcription (Wakefield et al., ing to the last five of the wild-type PBS [designated as
pheC (Fig. 1C)], produced an infectious virus in only 21995, 1996).
The PBS sequence requirements for completion of of 20 independent transfections (Wakefield et al., 1994).
Thus, even though no complementary nucleotides wereplus-stand DNA synthesis were found to be different than
those for the initiation of minus-strand DNA synthesis. present in the minus-strand DNA to which the 3*-terminal
nucleotides of the plus-strand PBS could bind, we didWhereas a minimum of six base-pair complementarity
between tRNALys,3 and the PBS were required for the sporadically recover infectious virus (as indicated by the
‘‘?’’ in Fig. 1C). In the present study, we did not recoverinitiation of minus-strand synthesis, complementary bind-
ing of only the last three nucleotides of the plus-strand infectious virus from five independent transfections with
the pheC/ 2 proviral genome, while transfection of pheCPBS (GAC; pheC/ 3) was sufficient for the RT to elongate
from the plus-strand strong-stop DNA during the second / 3 yielded infectious virus from all transfections. Taken
together, these results suggest that the virus can proba-template transfer. This result is consistent with previous
studies which have shown that retroviral RTs are capable bly complete plus-strand extension with two or less com-
plementary nucleotides; however, three complementaryof extending DNA synthesis from primers in which the
3*-terminal nucleotides are not complementary bound to nucleotides may represent the minimum number of base
pairs required to consistently facilitate the extensionthe template (Yu and Goodman, 1992). Furthermore, a
recent study has demonstrated that such mismatch ex- step.
Finally, the maximum length of the minus-strand DNAtension can also occur in vivo to complete plus-strand
viral DNA synthesis following the second template trans- that could be looped out was between 24 and 27 nucleo-
tides (which includes the last 12 nucleotides of the pheCfer (Pulsinelli and Temin, 1994). However, in that study,
extension of the plus-strand DNA was analyzed under PBS and the intervening 12 or 15 nucleotides between
the pheC PBS and the GGGAC insertion) (see Fig. 1D).conditions in which at least the first fifteen nucleotides
of the wild-type PBS was present in the minus-strand These results demonstrate that the RT has the ability to
bind both the minus- and plus-strand PBSs even thoughDNA. In our study, only the first six nucleotides of the
wild-type PBS were present, which may explain why such a large mismatching of nucleotides is present. How
could this occur? It is possible that the reverse tran-three complementary nucleotides were needed to facili-
tate the completion of plus-strand DNA synthesis. scriptase does not bind the entire region to be looped
out, but only at the five nucleotides which are comple-Several factors may be involved to explain the different
base-pairing requirements for the PBS in the different mentary between the plus- and minus-strand DNAs.
From the analysis of the crystal structure of HIV-1 RT, itstages of reverse transcription. Both the primer tRNA
molecule as well as the viral RNA sequences encom- was found that 16–18 base pairs could be bound be-
tween the active sites of the polymerase and the RNasepassing the PBS contain extensive secondary structures,
which must be partially unwound to allow the 3*-terminal H regions of the RT (Kohlstaedt and Steitz, 1992; Kohl-
staedt et al., 1992; Jacobo-Molina et al., 1993; Wohrl etnucleotides of the tRNA to bind with the PBS. A minimum
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stranded DNA at 3.0 A˚ resolution shows bent DNA. Proc. Natl. Acad.al., 1993). Our pheC / 3 results suggest that the number
Sci. USA 90, 6320–6324.of base pairs bound to the reverse transcriptase might
Kohlstaedt, L. A., and Steitz, T. A. (1992). Reverse transcriptase of hu-
be less. Since both the reverse transcriptase and the man immunodeficiency virus can use either human tRNALys,3 or Esch-
nucleocapsid proteins are believed to be involved in an- ericia coli tRNAGln,2 as a primer in an in vitro primer-utilization assay.
Proc. Natl. Acad. Sci. USA 89, 9652–9656.nealing the primer tRNA to the PBS (Barat et al., 1993),
Kohlstaedt, L. A., Wang, J., Friedman, J. M., Rice, P. A., and Steitz, T. A.these viral proteins might also facilitate annealing of the
(1992). Crystal structure at 3.5A resolution of HIV-1 reverse tran-mismatched minus- and plus-strand DNA. To address scriptase complexed with an inhibitor. Science 256, 1783–1790.
this question, further studies will be required with mu- Maniatis, T., Fritsch, E. F., and Sambrook, J. (1982). Molecular cloning:
A laboratory manual. Cold Spring Harbor Laboratory, Cold Springtants in nucleocapsid and RT to define the role that these
Harbor, NY.proteins play in the positioning of the plus-strand copy
Pulsinelli, G. A., and Temin, H. M. (1994). High rate of mismatch exten-of the PBS at the minus-strand DNA required for the
sion during reverse transcription in a single round of retrovirus repli-
completion of plus-strand DNA synthesis. cation. Proc. Natl. Acad. Sci. USA 91, 9490–9494.
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